Polymerase chain reaction (PCR) is one of the most important laboratory techniques used in molecular biology, genetics and molecular diagnostics. The success of a PCR-based method largely depends on the correct nucleic acid sequence analysis in silico prior to a wet-bench experiment. Here, we report the development of an online Java-based software for virtual PCR on linear or circular DNA templates and multiple primer or probe search from large or small databases. Primer or probe sensitivity and specificity are predicted by searching a database to find sequences with an optimal number of mismatches, similarity and stability. The software determines primer location, orientation, efficiency of binding and calculates primer melting temperatures for standard and degenerate oligonucleotides. The software is suitable for batch file processing, which is essential for automation when working with large amounts of data. The online Java software is available for download at http://primerdigital. com/tools/pcr.html.
Introduction
Polymerase chain reaction (PCR) is fundamental to molecular biology and is the most important laboratory technique used for nucleic acid amplification. PCR employs temperature cycling to synthesize large amounts of progeny DNA from small amounts of original template DNA and involves the following repeated temperature-dependent steps: (1) heat denaturation of double-stranded DNA to single-stranded DNA, (2) annealing of primers to the single-stranded DNA and (3) primer elongation by a thermostable DNA polymerase [1, 2] .
A number of isothermal techniques have also been developed that do not rely on thermocycling to drive the amplification reaction. One such technique is LAMP (Loop-Mediated Isothermal Amplification) [3] , in which template DNA is mixed with oligonucleotide primers and a polymerase with high strand displacement activity, and the mixture is held at a constant temperature of 60-65°C. Other isothermal DNA amplification techniques similarly depend on the strand displacement activity of particular DNA polymerases. Examples of such techniques include Strand Displacement Amplification (SDA) [4] , Chimeric Displacement Reaction (CDR), Rolling Circle Amplification (RCR) [5] , Isothermal Chimeric Amplification of Nucleic Acids, SMart Amplification Process (SMAP) [6] , Transcription-based amplification system (TAS) [7] , Selfsustained sequence replication reaction (3SR) [8] , Helicase-dependent amplification (HDA) [9] , Single primer isothermal amplification (SPIA) [10] and cross-priming amplification (CPA) [11] [12] [13] 2, 14, 15] .
The success of a PCR reaction heavily depends on correct design of oligonucleotide primers. The forward primer anneals to the first DNA strand, while the reverse primer anneals to the second, complementary strand. If DNA sites to which the primers anneal are separated by an appropriate distance, the DNA fragment between these sites, known as PCR product or "amplicon", can be copied by DNA polymerase, approximately doubling in abundance with each temperature cycle. Because stable hybridization of a primer with the template is an absolute prerequisite for primer extension by DNA polymerase, correct selection and validation of primers is critical to the success of a PCR reaction.
Primer specificity is one of the most important factors for a successful PCR. Well-designed primers should anneal only to the target DNA sequences, particularly when complex genomic DNA is used as a template. Ideally, all DNA sequences from the target set would be exactly complementary to the primers and would be amplified, while no DNA sequence from the background set would match the primers. In other words, primers have to be very specific to amplify only the target DNA sequence. Furthermore, primer melting temperatures need to be very similar to allow proper annealing to the target DNA sequence at the same temperature. Problems may arise when primers are complementary to repetitive sequences (retrotransposons, DNA transposons or tandem repeats) [16] and alternative amplification products may be generated when primers are complementary to inverted repeats. However, generation of inverted repeats is exploited in generic DNA fingerprinting methods. Often only one primer is used in these PCR reactions and the product ends contain inverted repeats complementary to the primer sequence.
For eukaryotes, the inter-repeat amplification polymorphism techniques such as inter-retrotransposon amplified polymorphism (IRAP) have exploited the presence of highly abundant dispersed repeats such as the long terminal repeats (LTRs) of retrotransposons and SINE-like sequences [17, 18] . The association of these sequences with each other makes it possible to generate a series of PCR products (DNA fingerprints) using primers homologous to the repeats. One, two or more primers pointing outwards from an LTR are used to amplify DNA sequences between the two nearby retrotransposons. The primers may be homologous to sequences from the same retrotransposon family or from different families. The PCR products and the corresponding fingerprint patterns result from amplification of hundreds to thousands of target sequences in the genome [19, 20] .
The development of DNA sequencing technology and in particularly the emergence of high-throughput sequencing (next generation sequencing) has led to progressive accumulation of huge amounts of raw genome sequence data. Currently, many prokaryotic and eukaryotic genomes have been sequenced and annotated in databases. For this reason, there is a growing demand for in silico approaches to extract useful information from raw sequence data, process the information using virtual tools and predict experimental results already at the planning stage. One such approach is in silico PCR. The usual goal of in silico PCR is to predict which PCR products are synthesized from one or multiple DNA templates using already designed oligonucleotide primers. Other common goals include template sequence location in the genome as well as primer/probe design and analysis, such as prediction of melting temperatures and secondary/tetriary structures including hairpins, Gquadruplexes, self-dimers and cross-dimers in primer pairs [21, 22] .
Currently, several web-based in silico PCR tools are available for molecular biologists [23] [24] [25] [26] 21, 22, [27] [28] [29] [30] [31] [32] . One of them, PRIMEX, uses a kmer lookup table to search for short sequence matches in whole genomes [31] . The web server "Electronic PCR" allows heuristic searches of predefined genomes with up to two mismatches (https:// www.ncbi.nlm.nih.gov/tools/epcr/) [29] . Another web server, UCSC insilico PCR (http://genome.ucsc.edu/cgi-bin/hgPcr), uses an undocumented algorithm to search a predefined genome [24] . Finally, Primer-BLAST [33] is a web server that uses BLAST [26] as the underlying search method.
Most of the published in silico PCR algorithms are heuristic and few of them are available as stand-alone software packages. The notable exceptions are PRIMEX [31] and FastPCR for Windows [34, 21, 35] . Furthermore, the application of commonly used sequence similarity search algorithms to in silico PCR has not been entirely successful. For example, BLAST creates local alignments which may fail to cover full primer sequences and it does not support searching for pairs of queries separated by arbitrary sequence of variable length. Degenerate primers cannot appear in alignment seeds and, therefore, require special handling to avoid false negatives. The parameters sensitive enough to find an acceptable number of matches may also generate a large number of false positives and extensive post-processing is required to identify valid hits. Because Primer-BLAST uses a word length of 7, sites must have an identical 7-mer match to a primer. Consider a primer of length 15 with differences in the 5th and 10th positions at a given site. The longest identical k-mer at that site would be 5 nt and BLAST would fail to find the match.
A good in silico PCR program must be able to handle degenerate primers or probes including those with 5′ or 3′ tail sequences and single nucleotide polymorphisms (SNPs). In addition, the program should be compatible with bisulfite-treated DNA containing only methylated cytosine and highly degraded and chemically modified DNA from ancient herbarium and mummies. Finally, the program must handle multiplex, nested or tiling PCR commonly used to amplify several DNA targets in a single reaction. These considerations motivated us to develop both stand-alone and online software that can handle all of the above tasks. Our aim was to create efficient and easy-to-use computational tool for advanced sequence analysis, in silico PCR on linear or circular DNA templates and multiple primer or probe search from large or small databases ( Table 1 ). The software should be useful for quick selection of primers or probes from target sequences, for determining primer location, orientation, binding efficiency and calculating primer melting temperatures for standard and degenerate oligonucleotides. The software should also allow to validate existing primers, probes and their combinations as well as predict PCR products for linear and circular templates for standard or inverse PCR as well as multiplex PCR.
Methods

The search algorithm
The main purpose of the algorithm is to efficiently search for complementary sequences in the template DNA with less or equal than the allowed number of mismatches. These sequences have to be within a certain distance from each other, which corresponds to the maximal size of the expected PCR product.
Stable hybridization of a primer to a template DNA is essential for primer extension by DNA polymerase. Mismatches affect the stability of the primer-template duplex and the efficiency with which the polymerase extends the primer. Although any mismatch affects PCR specificity, mismatches at the 3′-end of a primer have a profound detrimental effect on primer extension. A two-base mismatch at the Table 1 Summary of FastPCR software features for virtual PCR.
• Finds all possible primer pairs for conventional or multiplex PCR taking into account mismatches located within the specified primer or target sequence; • Predicts primer location and PCR product sequences from chromosome lists, whole genomes or circular DNA; • Performs advanced searching for two or more sequences linked to each other and located within a certain distance; • Is compatible with in silico PCR fingerprinting based on repeats (SINE-PCR, IRAP, REMAP, ISSR or RAPD); • Recognizes degenerate bases in primer and target sequences;
• Allows the addition of non-complementary sequences to the 5′-termini of primers or to the 3′-and 5′-termini of probes; • Allows the use of query sequences as short as 4 nt;
• Calculates annealing and melting temperatures for oligonucleotide-target duplexes with standard and degenerate oligonucleotides, allowing the user to view stable guanine mismatches; • Presents the results in the form of a sequence alignment which includes location and similarity data, predicted PCR product lengths, primer sequences and annealing temperatures.
3′-end of the primer results in PCR failure. Therefore, our algorithm pays particular attention to the 3′-end of the primer and calculates its similarity to the template with the user-defined level of stringency. A few mismatches can be tolerated, typically at the expense of reduced amplification efficiency. Therefore, we used data from actual PCR experiments to fine-tune how the algorithm handles the presence of mismatches. The algorithm consists of three parts. The first one creates a hash table for all overlapping k-tuples for a primer set (query sequences). The second one performs sequence analysis using the above hash table. The third part predicts potential PCR products for linear or circular templates.
The hash-table for all overlapping k-tuples (k-mers, words of fixed length k) is stored in memory as a map structure consisting of a list of k-tuples and indexes for a helping array. The helping array creates a link to a certain primer and k-tuple coordinate, thus allowing the presence of similar, identical or repeated nucleotide sequences in the primer set. The k-tuple length can be 7, 9 or 12 nt depending on search sensitivity, type of task and primer length. The use of a long k-tuple of 12 nt results in only minor loss of sensitivity and is unlikely to generate false negatives because the algorithm allows up to one mismatch in each k-tuple. The ability of our algorithm to tolerate up to one mismatch in a k-tuple, together with degenerate nucleotide compatibility and detection of stable guanine mismatches (i.e. G•G, G•T and G•A), makes the algorithm different from other published approaches including BLAST [36, 37] . Furthermore, our algorithm allows the use of short primers (≥4 nt) that can be shorter than the minimum k-tuple length of 7 nt.
The algorithm searches for primer target sites using a sliding window that moves along the DNA sequence at one-nucleotide intervals. The algorithm does not create a hash table for the template sequence; instead, it continuously tries to find matches using the primer hash table. One mismatch is tolerated and long sequence gaps are ignored. Individual k-tuples are extended in both directions to find regions of similarity until their length becomes equal to that of the primer or until a critical amount of mismatches is reached. Both primer and target sequences may contain degenerate nucleotides and the user may specify the number of mismatches near the 3′-end of the primer, with a default setting of one mismatch in the last seven nucleotides. The adjustable 3′-mismatch threshold makes the algorithm compatible with oligonucleotide hybridization probes (molecular beacons) lacking complementarity to the target at their 3′ ends. The algorithm also detects stable guanine mismatches: G•G, G•T and G•A [38] , which represent alternatives to Watson-Crick base-pairing.
The user can define the desired size of the PCR product. By default, the distance between forward and reverse primers ranges from 50 to 5000 bases. PCR product size prediction is possible for linear or circular templates using standard, inverse or multiplex PCR, or when using bisulphite-treated DNA as a template. The algorithm accepts single or multiple DNA sequences as primers or amplification targets.
Primer melting temperatures (Tm) for in silico PCR experiments with oligonucleotides that have mismatches to their targets are calculated using the averaged nearest neighbor thermodynamic parameters [39] [40] [41] [42] . The optimal PCR annealing temperature (Ta) is calculated as the value for the primer with the lowest Tm plus natural logarithm of the PCR product length [22] .
The algorithm implemented in FastPCR saves memory by creating a hash table only for primer sequences and is computationally efficient, approaching linear time in the database size. The memory and execution time requirements of FastPCR were determined on a computer with the Intel® Core™ i7-4700HQ (2.4 Ghz) processor using genomic DNA sequences of different sizes and primer sequences with universal or degenerate bases. Because the entire DNA sequence was loaded into RAM, the amount of memory required for analysis was directly proportional to the sequence length. In absolute terms, the RAM requirement was about 4 GB for the analysis of the complete human genome. Software execution time was proportional to the number of identified amplicons and the target genome size, ranging between 10 s for the Table 2 ).
The algorithm was validated by estimating the number of false positives and false negatives in a complex computational model. For this purpose, we used the EMBL-EBI Eukaryotes database of genome sequences (http://www.ebi.ac.uk/genomes/eukaryota.html) as a target set and retrotransposon primer and probe sequences as query sets. The use of subsets of retrotransposon sequences allowed us to assess how the software handles complex tasks such as in silico degenerate PCR and linked searching. The results of software validation are presented in Supplemental data together with query sequences.
The Interface
The software has a user-friendly interface. It contains menus, toolbars, a ribbon and three text editor tabs. Getting started with a basic project is easy; the user can open and save files, type, copy or paste text. Detailed description of the FastPCR user interface is available at the website (http://primerdigital.com/tools/pcr.html) [21, 34, 35] .
Results
In silico PCR analysis
To demonstrate the capabilities and potential of our software, we performed in silico PCR analysis of several plant genomes using a degenerate primer pair corresponding to a highly conserved peptide sequence of plant Copia-type reverse transcriptase (RT) [43] :
Results of the Copia-type RT analysis are represented in Table 2 . As expected, no amplicons were predicted for the human genome due to the lack of sequence similarity between plant and animal reverse transcriptase genes. The Copia-type RT analysis provides an example of a complex computational task, which can be successfully handled by very few software packages such as PRIMEX and the one described in this study. Less complex tasks, such as conventional in silico PCR without degenerate primers, are easier to perform and their examples are available for independent study by the user under the File menu. The software is compatible with both single-primer methods based on sequence repeats such as SINE-PCR, IRAP, REMAP, ISSR, RAPD, etc. and methods utilizing multiple primers such as LAMP, multiplex PCR, etc. It is also compatible with retroelement-based genotyping and DNA fingerprinting methods. Primer and probe lengths can be set between 12 and 500 nucleotides and the maximal PCR product (amplicon) length is limited only by the polymerase processivity and not by the software. The results of the analysis include PCR product sequences, their lengths and Ta, and are presented separately for nuclear DNA, plastids and mitochondrial DNA. Another application of the software is detection of plasmid sequences based on the ends of an inserted sequence. For this purpose, sequence fragments flanking an insert should be used instead of primer sequences and the "probe search" option should be selected in the software.
Linked searching
In silico PCR is an example of sequence similarity searching, in which primer sequences are located at a certain distance from each other and are oriented towards each other. A more general method called linked (associated, programmed) searching allows advanced searching of primer-template binding sites in a variety of scenarios, including that of in silico PCR. In linked searching, the search criteria are based only on the distance between annealing sites without taking into account primer orientation and query sequences can be as short as 4 nt. The idea behind linked searching is similar to that behind AGREP (https:// github.com/Wikinaut/agrep), which stands for approximate GREP for fast fuzzy string searching. AGREP works similarly to a traditional UNIX GREP utility by searching input files for occurrences of a particular string. Linked searching, however, can perform a broader variety of tasks ranging from conventional sequence matching to in silico PCR and general tasks involving DNA sequence analysis with approximate matching.
To give a better idea of how linked searching works in practice, we will use the above example of in silico PCR with two degenerate Copia-type RT primers. Let us convert the primer sequences into a single line, where forward primer sequence (5′-CARATGGAYGTNAARAC) is Table 2 Software execution times and total number of hits returned by the search of several eukaryotic genomes using a degenerate primer pair corresponding to a highly-conserved peptide sequence of the plant Copia-type reverse transcriptase (RT).
Genome
Size in Mb, (total number of files)
Time in seconds
Number of 270-281 bp amplicons, which were found using search criteria with the 400 bp limit. followed by expected distance between primer binding sites (200-300 nt) and a complementary sequence (TAYGTNGAYGAYATG) of the reverse primer (5′-CATRTCRTCNACRTA):
Arabidopsis thaliana
The result of a linked search using the above query against the genome of Arabidopsis thaliana is shown below as local alignment of query and target DNA sequences ( Fig. 1 
):
In silico primer(s) search for: C:\Users\Genomes\Arabidopsis\AE005172.fasta//Arabidopsis thaliana chromosome 1 top arm, complete sequence: Another task where linked searching is useful is analysis of two or more nested nucleotide sequences. In the classical in silico PCR, the necessary condition for amplicon search is existence of two primer-binding sites on complementary DNA strands, which are located at a certain distance and orientation relative to each other. In LAMP, the strand displacement-type of isothermal DNA amplification, template nucleic acid strands are mixed with three or four nested primer pairs [25, 3] . Linked searching allows the user to analyse primer-template matching during LAMP and predict whether existing primer pairs can amplify a newly discovered sequence variant. Linked searching can be used to quickly determine if the designed LAMP primers can amplify related, consensus or repeated sequences. Such analysis cannot be easily performed with conventional virtual PCR software.
Yet another compelling example of linked searching is the in silico extraction of LTR-retrotransposon sequences from plant genomes [44] . The LTR-retrotransposon Cassandra universally carries conserved 5S rRNA sequences and associated RNA polymerase III promoters in its long terminal repeat (LTR) and is found in all vascular plants. Linked searching for conserved Cassandra sequences can detect new copies of this retrotransposon in plant genomes and reveal the presence of Cassandra in plant species where it has not been previously identified.
5S rRNA sequences from the Cassandra retrotransposon contains two conservative regions, boxA (RGTTAAGYRHGY) and boxC (RRRATRGGTRACY), separated by 18 nucleotides. Furthermore, the Cassandra retrotransposon contains a conserved sequence (TGGTATCAGAGC) called primer binding site or PBS. In ferns, PBS is located at a distance of 8 nt from the 5S rRNA sequence and in Brassica species the distance is much longer (173 bp). Therefore, the following query can be used to search both fern and seed plant genomes for the Cassandra LTR-retrotransposon sequences:
NCassandra_LTR_PBS.
The following genomes were searched with the above query: Arabidopsis thaliana, Brachypodium distachyon, Glycine max, Zea mays, Oryza sativa, Sorghum bicolor, Vitis vinifera, Medicago truncatula, Saccharum hybrid, Panicum virgatum, Solanum lycopersicum and a shotgun sequence of Citrus clementina. The linked search results are summarized in Table 3 and in Supplemental data. They include target fragments, sequence alignments and detailed information for each query sequence including genomic position and sequence similarity (Fig. 2) .
The largest number of complete Cassandra retrotransposon sequences (701 in total) were detected in the Zea mays genome (release B73) and the smallest in the genomes of Arabidopsis thaliana (4) and Brachypodium distachyon (5) (see Table 3 ). As expected, no Cassandra sequences were found in the human genome. These results correlate well with the experimental data on the copy number of the Cassandra retrotransposons in the studied genomes. Analysis of the genomes of Sorghum bicolor, Vitis vinifera, Medicago truncatula, Saccharum hybrid, Panicum virgatum and Solanum lycopersicum identified a large number of previously unknown Cassandra retrotransposons. Several novel consensus sequences of complete Cassandra retrotransposons were submitted to the NCBI database (accession numbers EU140956, EU177767, EU867815, EU882730, FJ975775-FJ975780, HM481419, HM481420, KC686837-KC686839 and KM262797). Thus, using the linked search algorithm of our software we were able to identify new Cassandra LTR retrotransposons in silico without relying on expensive and time-consuming wet lab methods such as molecular cloning.
Comparison with other software
Currently, several web-based software tools are freely available for in silico PCR analysis. Among the most commonly used are NCBI/Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/), the web server "In silico simulation of molecular biology experiments" (http:// insilico.ehu.es/, [28] ), WebPCR (http://webpcr.appspot.com/) and UCSC In-Silico PCR (http://genome.ucsc.edu/cgi-bin/hgPcr). Table 4 compares these web-based software tools with FastPCR (http:// primerdigital.com/tools/pcr.html). Unlike FastPCR, other web-based software does not go beyond the classical PCR approach with two primers. For example, NCBI/Primer-BLAST is unable to search for pairs of queries separated by arbitrary sequences of variable length, is incompatible with degenerate nucleotide sequences, does not take into account sequence repeats, does not accept one or several primers, does not allow the use of primers with the same sequence and is incompatible with methods employing molecular beacons. Maximum primer length is capped at 36 nt while it is unlimited in our software. If the primer has multiple binding sites at repeated sequences, NCBI/Primer-BLAST locates and displays only the most remote ones. Finally, primer order is fixed in NCBI/Primer-BLAST; forward and reverse primers must be entered according to the following criteria: "forward primer (5'-N3' on plus strand)" and "reverse primer (5′ → 3′ on minus strand)". Some of the above limitations are experimentally demonstrated in Supplemental materials (S1).
Our online Java software is fully compatible with PCR fingerprinting techniques based on sequence repeats such as SINE-PCR, IRAP, ISSR or RAPD. It allows the use of single or multiple primers to virtually amplify hundreds to thousands of inter-repeat DNA sequences for genome fingerprinting. The software is able to quickly search for primers or probes, determine their location, orientation, melting temperatures and efficiency of binding. It can also validate existing primers, probes and their combinations. The software handles degenerate nucleotides in primers, probes and target sequence and predicts PCR products from both linear and circular templates using standard or inverse PCR as well as multiplex PCR. Thus, our in silico tool is not limited to canonical PCR but extends to a variety of other PCR-based methods, including their future refinements and advancements.
Discussion
In this study, we report the development and validation of a DNA sequence analysis algorithm for a variety of experimental scenarios including but not limited to canonical PCR with two primers. The core algorithm is relatively simple and straightforward, contains only a few hundred lines of Java code and is readily parallelized. An important part of the algorithm is linked searching, which allows advanced searching for single or multiple primers or probes on both linear and circular templates. Linked searching can be used for various tasks including canonical PCR, multiplex PCR, LAMP, PCR fingerprinting, etc. The algorithm is compatible with sequences as short as 4 nt, allowing the user to search for short conserved sequences such as promoters and other regulatory elements. Furthermore, modifications to the search criteria can be easily implemented, making the algorithm compatible with new methods and thus future-proof.
We have successfully validated the algorithm by searching for the Copia-type reverse transcriptase gene and LTR retrotransposon Cassandra in various plant genomes. Our software proved to be suitable for tasks where most other freely available software would either fail or require extensive output data post-processing. Taken together, the results of the software validation demonstrate the ability of FastPCR to perform complex computational tasks going well beyond those required for canonical in silico PCR. Fig. 2 . Results of a linked search for the LTR retrotransposon Cassandra. The description line begins with the text "In silico Primer(s) search for:" followed by file name and target genome sequence in FASTA format (chromosome number, genome assembly version and GenBank accession number). The query sequence starts without the "N" sign followed by sequence identification. Alignment of the query sequence to its corresponding template is annotated with start and end coordinates. Perfect matches are denoted by vertical lines and mismatches are denoted either by colons (at least 60% similarity) or spaces.
However, our software is not without limitations. It lacks a graphical representation of the results and some technical aspects still require refinement. For example, two primers and a probe in the input may be confused for three primers, unless performing a linked search. The work is ongoing to improve FastPCR performance and functionality. In the future, we plan to extend the capabilities of the algorithm to make it compatible with more experimental techniques. For example, we may add DNA sequence analysis after restriction digestion or nickase treatment. An equally interesting alternative is to integrate searching against data from the Single Nucleotide Polymorphism database (dbSNP). Our software can be developed further to include additional functions and capabilities such as advanced features of LINQ (Language-Integrated Query), which extends query capabilities and provides easily-learned patterns for querying and updating data.
Availability
The online version of FastPCR is available at http:// primerdigital.com/tools/pcr.html. The program manual, license agreement, and installation files are available at http://primerdigital.com/ fastpcr/. YouTube tutorial videos are available at http:// www.youtube.com/user/primerdigital.
The online software is written in Java with NetBeans IDE (Oracle) and requires the Java Runtime Environment (JRE 8, http:// www.oracle.com/technetwork/java/javase/downloads/). It is compatible with any operating system running Java (64-bit OS is preferred for large chromosome files).
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